The osmium-catalyzed asymmetric dihydroxylation (AD) of olefins is one of the most widely used methods for the synthesis of chiral vicinal diols, which are the synthetic intermediates of chiral drugs, natural products and fine chemicals. [1] [2] [3] For this reason, considerable and continuous efforts have been made to improve the optical purity of the resulting diols with the desired absolute configuration. 2, 3 Similarly, the enantioselectivity estimation of a increasing number of chiral catalysts demands convenient, fast and sensitive methods to measure enantiomeric excesses and impurities of the chiral vicinal diol products. Besides the major HPLC method, cyclodextrin-modified capillary zone electrophoresis (CZE) is enjoying increasing popularity. 4, 5 In contrast to HPLC, in which chiral selectors are immobilized to the solid support, CZE shows many advantages by dissolving chiral selector in separation buffer, such as simplification, high efficiency, reduced analysis time, and smaller sample volumes. In CZE, borate buffers were widely used for the separation of carbohydrates, glycoproteins, nucleosides, and other compounds of biological interest. [6] [7] [8] [9] [10] [11] [12] [13] The phenomenon of borate complexation has been extensively studied and the principle of mixed borate-cyclodextrin complexation has been found to be a useful approach for the chiral separation of neutral compounds with diol structures. [6] [7] [8] [9] For neutral analytes in the CZE separation mode, enantioseparation is not achievable with neutral CDs unless the electrophoretic system is modified with the use of a buffer system containing CD which can form charged complexes with analytes or with the addition of charged CDs in a buffer system. In those studies, to the best of our knowledge, so far only two articles on the enantioseparation of vicinal diols by the neutral cyclodextrin-modified capillary electrophoresis have been reported. 14, 15 Moreover, the enantioseparation of hydrobenzoin, which is a 1,2-diol compound, and structurally related benzoin compounds have been achieved using charged CDs alone or mixed with neutral CDs as chiral selectors. 16, 17 Unfortunately, no detailed information on the enantioseparation of typical vicinal diol compounds was provided. Thus, enantioseparation and migration behavior of typical vicinal diol compounds in the presence of borate complexation need to be explored further.
Introduction
The osmium-catalyzed asymmetric dihydroxylation (AD) of olefins is one of the most widely used methods for the synthesis of chiral vicinal diols, which are the synthetic intermediates of chiral drugs, natural products and fine chemicals. [1] [2] [3] For this reason, considerable and continuous efforts have been made to improve the optical purity of the resulting diols with the desired absolute configuration. 2, 3 Similarly, the enantioselectivity estimation of a increasing number of chiral catalysts demands convenient, fast and sensitive methods to measure enantiomeric excesses and impurities of the chiral vicinal diol products. Besides the major HPLC method, cyclodextrin-modified capillary zone electrophoresis (CZE) is enjoying increasing popularity. 4, 5 In contrast to HPLC, in which chiral selectors are immobilized to the solid support, CZE shows many advantages by dissolving chiral selector in separation buffer, such as simplification, high efficiency, reduced analysis time, and smaller sample volumes. In CZE, borate buffers were widely used for the separation of carbohydrates, glycoproteins, nucleosides, and other compounds of biological interest. [6] [7] [8] [9] [10] [11] [12] [13] The phenomenon of borate complexation has been extensively studied and the principle of mixed borate-cyclodextrin complexation has been found to be a useful approach for the chiral separation of neutral compounds with diol structures. [6] [7] [8] [9] For neutral analytes in the CZE separation mode, enantioseparation is not achievable with neutral CDs unless the electrophoretic system is modified with the use of a buffer system containing CD which can form charged complexes with analytes or with the addition of charged CDs in a buffer system. In those studies, to the best of our knowledge, so far only two articles on the enantioseparation of vicinal diols by the neutral cyclodextrin-modified capillary electrophoresis have been reported. 14, 15 Moreover, the enantioseparation of hydrobenzoin, which is a 1,2-diol compound, and structurally related benzoin compounds have been achieved using charged CDs alone or mixed with neutral CDs as chiral selectors. 16, 17 Unfortunately, no detailed information on the enantioseparation of typical vicinal diol compounds was provided. Thus, enantioseparation and migration behavior of typical vicinal diol compounds in the presence of borate complexation need to be explored further.
In this study, the optimum conditions for the separation of six 1,2-diols synthesized in our laboratory according to literature methods 18, 19 using native β-CD by CZE were described. Especially, the enantioseparation and migration behavior of several 1,2-diols, such as 1-(3-chlorophenyl)-1,2-ethanediol, 1-methyl-1-phenyl-1,2-ethanediol, 2-methyl-1-phenyl-1,2-ethanediol and 1-naphthyl-1,2-ethanediol, were firstly explored with neutral β-CD as a chiral selector in a borate buffer at an alkaline pH. For our studies, the influences of the concentration of β-CD, the pH of borate buffer and the buffer concentration on the chiral separation were investigated. A rapid method for the analysis of chiral vicinal diols was developed using six typical 1,2-diols as model compounds. pure 1-phenyl-1,2-ethanediol, 1,2-diphenyl-1,2-ethanediol, 1-(3-chlorophenyl)-1,2-ethanediol, 1-methyl-1-phenyl-1,2-ethanediol, 2-methyl-1-phenyl-1,2-ethanediol and 1-naphthyl-1,2-ethanediol were synthesized and purified in our laboratory using procedures reported in a previous publication. 18, 19 β-CD was purchased from Beckman Co. (Fullerton, CA, USA). Boric acid and sodium hydroxide were obtained from Sigma Co. (USA). HPLC grade methanol was from TEDIA Co. (USA). Water was produced by the Milli-Q system (USA). All other chemicals were of analytical grade.
Apparatus and electrophoretic procedures
All CE analyses were performed on a Beckman P/ACE TM MDQ system equipped with a diode array detector, an automatic injector and an uncoated fused-silica capillary (Beckman-Coulter, Fullerton, CA, USA). The temperature of the cartridge holding the capillary column was maintained by the liquid cooling system of the P/ACE instrument. The system was computer-controlled, with an integrated P/ACE Station 32 Karat TM software (Version 4.0) package. The uncoated capillary of 58.5 cm × 75 µm i.d. (effective length 48.5 cm) was used for separation with the detection window at the distance of 10 cm from the capillary outlet. Samples were introduced in pressure injection mode for 5 s at 0.5 psi to the capillary. The UV absorbance was measured at 214 nm and the absorption spectra were measured from 190 to 300 nm. At the start of each working day, the capillary was preconditioned by flushing with the following reagents, in order, for 5 min each at 20 psi: water, 0.1 M NaOH, water, 0.1 M HCl, water and then running buffer. Between injections, the capillary was rinsed sequentially with water, 0.1 M NaOH, water and running buffer for 2 min, respectively. At the end of the day, the capillary was rinsed with water for 5 min and stored overnight with water inside.
Buffer and sample preparation
The stock solution of 400 mM boric acid was prepared in water. The running buffers were prepared by diluting the stock solution to the appropriate concentrations and were adjusted to the desired pH values with sodium hydroxide. β-CD was dissolved in each electrolyte to give the desired concentration prior to use. Stock solutions containing 100 mM samples were prepared by dissolving analytes in a mixture of water solution containing 15% methanol, and were further diluted with water to working solutions for CZE separation. The buffers and sample solutions were filtered through a 0.22 µm syringe filter and were degassed using an ultrasonic bath for 2 min prior to use. All the solutions prepared were stored in the dark at 4˚C until being used.
Resolution calculation
The enantiomeric resolution values were computed according to the following area/height calculation method via a built-in 32 Karat software program. The resolution (Rs) was calculated based on the following equation: Rs = 2(t2 -t1)/(w2 + w1), where t2 and t1 are the migration times of two analytes, and w1 and w2 are the peak widths at baseline of the first and second enantiomer calculated, respectively.
Individual enantiomers were identified by injection of the optically pure component and comparison of the migration times under the same experimental conditions.
Results and Discussion
For achieving a separation method of chiral vicinal diol compounds, we chose six typical 1,2-diols as model compounds (Table 1) . Such molecules are commonly used as building blocks in the synthesis of new chiral drugs and chemicals. The six tested analytes are of neutral diol structure compounds with aromatic substituents and their chiral centers locate in the diol group of the side chain. In the six analytes investigated (Table  1) , the chiral separations for compound I and III have been preliminary studied and a satisfying enantioseparation of compound III was obtained by complexation with borate and β-CD, 14, 15 suggesting that borate and native β-CD were possible candidates for the rapid screening for the separation of various chiral 1,2-diols. To obtain detailed information and insight into the chiral separation behaviors, we checked native β-CD for its suitability for the chiral separation of the tested diols in the presence of borate.
Concentration of native β-CD
According to Wren and Rowe's model, 20 there exists an optimum concentration for a chiral selector, under which an enantiomeric pair can be best resolved.
This optimum concentration is dependent on the binding strength between the chiral selector and the tested analytes and a weak binding strength normally requires a higher concentration of chiral selector.
Under the experimental conditions of pH 9.8, 200 mM borate buffer, applied voltage 15 kV and capillary temperature 20˚C, the effect of β-CD concentration on the separation was preliminary investigated at the concentration range of 1.0 -1.7% (w/v). It was found that the resolution of the analytes obviously increased with the improvement of β-CD concentration, reaching an optimum at about 1.7% where the solubility of β-CD approached saturation in the borate buffer. Therefore, we chose 1.7% native β-CD as the separation concentration for the diols investigated.
Influences of borate buffer pH
The acidity of the running buffer plays an important role in CZE for its effect on zeta potential (ζ) and the overall charge of the analytes, which affect the migration time and separation of the analytes. Therefore, in order to obtain optimum separations, it is important to study its influence on CZE. At the same time, it is also well known that the separation of carbohydrates with vicinal hydroxyl groups was best performed in alkaline borate buffer, where the analytes could be transformed into negatively charged complexes with borate. 6 Hence, in this work β-CD was employed to separate the diols at five different pH values (8.8,
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9.3, 9.8, 10.3 and 10.8). The effects of the running buffer pH on the resolution and migration time of the investigated diols are shown in Figs. 1 and 2 , respectively.
As shown in Fig. 1 , the resolution of the diols was poor at pH 8.8 except for compounds I and II. When the running buffer pH increased, the resolution of all the compounds was improved, accompanied by the increase in migration time. It was also found that the resolution decreased when the pH value was higher than 9.8, but the resolutions of compounds I and IV increased. For compounds I and III, baseline separation only occurred within a rather narrow pH range, whereas compound II always kept a steady baseline resolution and partial resolution was obtained for compounds V and VI in the pH range from 8.8 to 10.8, probably due to the diversity of enantioselective inclusion of the diols into the chiral cavity of β-CD. In addition, as illustrated in Fig. 2 , the migration times of all the diols increased with increasing pH values since the diols probably migrated in the negatively charged forms by complexation; the electrostatic force was unchanged but electroosmotic flow was decreased as pH increased, resulting in the gradual increase of retention time with increasing pH values for all the diols. Although the resolutions of compounds II and IV enhanced when the pH was higher than 9.8, some baseline drift was noted and migration times significantly prolonged. Based on experiments, pH 9.8 was chosen as the optimum acidity of the running buffer to accomplish a good compromise between the resolution and the analysis time.
Effect of borate concentration on resolution
The separation of the enantiomers, which have complexation with background electrolyte, generally requires a careful optimization of background electrolyte composition. In our works, taking into consideration the complexation of diol-borate and the interaction of the diol-borate complex with β-CD, which may affect the resolution of the diols, we examined the effect of borate concentration on separation behavior of investigated diols in the range of 50 -400 mM (Fig. 3) .
As can be seen from Fig. 3 , an increase in borate concentration from 50 to 150 mM resulted in a distinct improvement of enantioseparation of all the diols with increasing migration times. As the buffer concentration was raised up to 200 mM, satisfactory resolutions of compounds I, II and IV were reached and maximum resolution was obtained for compounds III, V and VI. A further increase in buffer concentration resulted in evident loss of resolution for compounds I, III, V and VI. Contrarily, for compound II and IV with substituent group at C-2 of the diol side chain, the further increase in buffer concentration dramatically improved the separation, especially for compound II, but at the same time gave a peak shape distortion, serious baseline drift and too long migration time. The electrophoretic behavior was likely related to the change of the interaction between diol-borate complex and β-CD leading to the alteration of enantioselectivity; at the same time, the increase in borate concentration decreased EOF and improved the complexation degree of diol and borate, where the negatively charged complexes were more strongly pulled back by electrostatic force so that migration time increased. 16, 17 In view of separation and analysis efficiency, it was concluded that the compromise borate concentration for all the diols was 200 mM.
The high conductivity of increasing borate concentration can cause relatively higher currents, which might be problematic because of causing excessive Joule heating. In order to avoid this problem, we tested the influence of borate concentration on separation current at applied voltages of 5, 10 and 15 kV, respectively. The results demonstrated that the currents versus investigated borate concentration from 50 -400 mM presented good linearity. As borate concentration was raised up to 400 mM, the linearity slightly decreased, whereas the observed electric current was below 165 µA at applied voltage 15 kV, indicating that Joule heating was not critical and still within acceptable levels at the highest borate concentration investigated. Figure 4 shows the effect of the borate concentration on the plate numbers of compounds II and IV as one illustration. It was found that the number of theoretical plates per meter was improved from 5 × 10 4 to 40 × 10 4 for compound II and from 4 × 10 4 to 30 × 10 4 for compound IV with the increase of borate concentration from 50 to 400 mM. However, some adverse effects were also observed for the 300 to 400 mM borate buffer: the migration-time reproducibility decreased and the baseline showed an increase of noise. Under the experimental condition of 200 mM borate, the system provided good separation efficiency (plate numbers of 100000 -250000) with the currents below 165 µA (Fig. 4) ; a stable system (migration-time RSDs within the range from 0.8% to 2.6%) was achieved except that the RSDs of compounds V and VI ranged from 3.9% to 5.6% because of their partial resolution. This evaluation of plate numbers and migration-time RSD further showed that borate concentration had the greatest effect on separation efficiency and that 200 mM borate could be chosen as the appropriate concentration for the enantioseparation.
Separation with a shorter capillary
As discussed above, the selectivity and resolution of the diols were good in 200 mM borate buffer (pH 9.8) with 58.5 cm capillary. In order to realize good separation within more shorter migration times, we performed the separation with a shorter capillary (48.5 cm total length, 38.5 cm to the detector) with various inner-diameters of 75 µm and 50 µm, respectively. The effects of capillary length and inner-diameter on resolution and analysis time are presented in Table 2 .
As reported in Table 2 , with a shorter capillary, migration times of all the diols significantly shortened but resolutions generally decreased. The 58.5 cm capillary allowed the best resolution of the diols at the expense of a longer migration time.
It was also found that the resolutions and migration times obtained with 75 µm i.d. obviously reduced by comparison with 50 µm i.d. capillary, as expected. Because good resolution was the main aim of our work, we chose a longer capillary (58.5 cm × 75 µm i.d.) as separation carrier.
Effect of temperature and applied voltage
It has been shown that better enantiomeric separation was generally achieved at lower temperatures due to the increase of migration time and the stability of the inclusion complex, although this could depend on many factors and varied from case to case. In our study, it was found that the solubility of β-CD decreased and crystal formation easily occurred below a capillary temperature of 18˚C at the investigated concentration of 1.7%. Good separation of the diols was achieved at 20˚C; when the temperature was higher than 25˚C, the baseline became worse due to higher current. Therefore, the capillary temperature was maintained at 20˚C.
In addition, the separation voltage affects the electric field strength, which in turn affects the electro-osmotic velocity and the electrophoretic velocity of charged particles, which further affect the migration time of analytes. Moreover, higher separation voltage not only gives shorter migration time but also increases the background noise, resulting in a higher Joule heating. Although the resolution of analytes can be improved to some extent, a lower separation voltage will simultaneously 750 ANALYTICAL SCIENCES MAY 2006, VOL. 22 increase the analytical time, which in turn causes severe peak broadening. Based on our experiments, 15 kV was chosen as the optimum voltage to achieve a good compromise. In view of the enantioseparation and analysis time, the 200 mM borate buffer of pH 9.8 containing 1.7% β-CD at applied voltage 15 kV and capillary temperature 20˚C was chosen as the optimum conditions for the vicinal diols. The typical electropherograms of the synthetic 1,2-diol compounds with different optical purities are shown in Fig. 5 .
As demonstrated in these studies, the combination of β-CD with borate is an effective tool for the chiral separation of compounds containing vicinal diol structure.
To our knowledge, this is the first report for the separation of diol compounds I, III, IV and VI by CZE. A detailed experimental investigation was performed to enhance enantioseparation performance of all the diol compounds investigated using β-CD as chiral selector. Further work on the separation of synthetic vicinal diols using other neutral CDs and their derivatives in various buffer systems is now being carried out in our laboratory.
